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ABSTRACT 

S u b r o u t i n e s  H U N T 3  and H U N T 4  have  been  deve loped  t o  
e n a b l e  t h e  Bellcomm Apollo S i m u l a t i o n  Program t o  s i m u l a t e  l aunch  
t r a j e c t o r i e s  t h a t  u s e  yaw s t e e r i n g  d u r i n g  t h e  a s c e n t  t o  o r b i t .  
H U N T 3  d e t e r m i n e s  t h e  v a l u e s  of t h r e e  t r a j e c t o r y  s h a p i n g  para- 
meters such  t h a t  c o n s t r a i n t s  on t h r e e  o r b i t a l  e l e m e n t s  a re  
s a t i s f i e d .  S i m i l a r l y ,  H U N T 4  d e t e r m i n e s  v a l u e s  for f o u r  t r a -  
j e c t o r y  s h a p i n g  parameters t o  s a t i s f y  c o n s t r a i n t s  on four 
o r b i t a l  e l e m e n t s  a t  i n s e r t i o n .  

One a p p l i c a t i o n  o f  HUNT3 i s  t h e  d e t e r m i n i n g  o f  v a l u e s  
f o r  two p i t c h  p a r a m e t e r s  and one yaw p a r a m e t e r  t h a t  w i l l  r e s u l t  
i n  an  o r b i t  w i t h  a s p e c i f i e d  a l t i t u d e ,  f l i g h t  p a t h  a n g l e ,  and 
o r b i t  i n c l i n a t i o n  a t  i n s e r t i o n .  If H U N T 4  i s  u s e d ,  t h e  p o s i t i o n  
o f  t h e  l i n e  o f  nodes  of t h e  ach ieved  o r b i t  can a l s o  be s p e c i f i e d  
by i n t r o d u c i n g  a second  yaw p a r a m e t e r .  

Although these  s u b r o u t i n e s  have  been deve loped  f o r  
s i m u l a t i n g  S a t u r n  I B  l a u n c h e s  i n t o  e a r t h  o r b i t ,  t h e y  c o u l d  be 
a d a p t e d  t o  s i m u l a t i o n s  o f  m i s s i o n s  t h a t  u s e  o t h e r  l a u n c h  v e h i c l e s  
and to o t h e r  t r a j e c t o r y  t a r g e t i n g  p rob lems .  
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MEMORANDUM FOR FILE 

I. I N T R O D U C T I O N  

The  s i m u l a t i o n  o f  launch  t r a j e c t o r i e s  w i t h  t h e  
Bellcomm Apol lo  S i m u l a t i o n  Program (BCMASP) r e q u i r e s  t h e  
d e t e r m i n a t i o n  of v a l u e s  o f  t r a j e c t o r y  s h a p i n g  p a r a m e t e r s  t h a t  
w i l l  r e s u l t  i n  a c h i e v i n g  'a s p e c i f i e d  o r b i t .  T h i s  has u s u a l l y  
been  done b y  c o n s i d e r i n g  one (or two) p i t c h - p l a n e  s h a p i n g  
parameters a t  a t ime and d e t e r m i n i n g  v a l u e s  f o r  these  p a r a -  
meters such  t h a t  one (or two) t r a j e c t o r y  c o n s t r a i n t s  a r e  
s a t i s f i e d .  S u b r o u t i n e s  H U N T 1  and H U N T 2  have been  used  f o r  
t hese  p u r p o s e s .  For Apol lo  A p p l i c a t i o n s  Program Miss ion  
a n a l y s i s ,  i t  has been n e c e s s a r y  t o  e x t e n d  these  p r o c e d u r e s  
t o  p e r m i t  t h e  d e t e r m i n a t i o n  of yaw p a r a m e t e r s  i n  a d d i t i o n  t o  
t h e  p i t c h  p a r a m e t e r s .  S u b r o u t i n e s  HUNT3 and HUNT4 have been  
deve loped  f o r  t h i s  p u r p o s e .  

T h i s  memorandum desc r ibes  these  s u b r o u t i n e s  and g i v e s  
examples  o f  how t h e y  are used .  

11. DISCUSSION 

A .  S i m u l a t i o n  of  Launch i n t o  an O r b i t  o f  S p e c i f i e d  
I n c l i n a t i o n  

Launching a t  t h e  optimum l a u n c h  az imuth  g i v e s  t h e  
maximum p a y l o a d  i n t o  o r b i t  and r e s u l t s  i n  a l aunch  t r a j e c t o r y  
t h a t  r e q u i r e s  e s s e n t i a l l y  n o  yaw s t e e r i n g  g f  t h e  l a u n c h  v e h i c l e .  
For h i g h  i n c l i n a t i o n  o r b i t s ,  t h e  optimum launch  az imuth  i s  o f t e n  
u n a c c e p t a b l e  because  of  r ange  s a f e t y  l i m i t a t i o n s .  I t  i s  n e c e s -  
s a r y  t o  l aunch  a t  an az imuth  w i t h i n  t h e  r ange  s a f e t y  l i m i t s  and 
i n i t i a t e  a yaw maneuver d u r i n g  t h e  a s c e n t  t o  a c h i e v e  t h e  d e s i r e d  
i n c l i n a t i o n .  For a S a t u r n  I B  l aunch  s i m u l a t i o n ,  t h e  l aunch  v e h i -  
c l e  r i s e s  v e r t i c a l l y  f rom t h e  l aunch  pad  f o r  t h e  f i r s t  t e n  seconds  
o f  f l i g h t .  An i n i t i a l  p i t c h  or k i c k  a n g l e  i s  t h e n  i n s t a n t a n e o u s l y  
a p p l i e d  and a g r a v i t y  t u r n  t r a j e c t o r y  i s  f o l l o w e d  u n t i l  a p p r o x i -  
m a t e l y  t e n  seconds  b e f o r e  shutdown o f  t h e  f i r s t  s t a g e .  An 
i n e r t i a l  a t t i t u d e  h o l d  i s  t h e n  m a i n t a i n e d  d u r i n g  t h e  l a s t  t e n  
s e c o n d s  of t h e  f i r s t  s t a g e  bu rn ,  t h rough  t h e  c o a s t  p e r i o d  
between f i r s t  s t a g e  shutdown and second s t a g e  i g n i t i o n ,  and 
f o r  a p p r o x i m a t e l y  t h e  f i r s t  30 seconds  of t h e  second s tage  b u r n .  
To i n s u r e  t h a t  the  s i m u l a t i o n  i s  a r e a s o n a b l e  a p p r o x i m a t i o n  t o  
a r e a l i s t i c  l aunch  t r a j e c t o r y ,  an a l t i t u d e  c o n s t r a i n t  a t  t h i s  
p o i n t  i s  e n f o r c e d  b y  H U N T 1 ,  u s i n g  t h e  k i c k  a n g l e  as t h e  t r a j e c t o r y  
s h a p i n g  parameter . 
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A t  t h e  end o f  t h e  i n e r t i a l  h o l d  p e r i o d ,  an  i n s t a n -  
t a n e o u s  i n c r e m e n t  i n  p i t c h  a n g l e  i s  assumed and yaw and p i t c h  
programs are  i n i t i a t e d  and c o n t i n u e d  u n t i l  s econd  s t a g e  shutdown.  
C o n s t r a i n t s  on r a d i u s  , f l i g h t  p a t h  a n g l e  , and o r b i t  i n c l i n a t i o n  
a t  second  s t a g e  shutdown are e n f o r c e d  by HUNT3, u s i n g  as t r a -  
j e c t o r y  s h a p i n g  p a r a m e t e r s  t h e  p i t c h  and yaw ra tes  and t h e  i n c r e -  
ment i n  p i t c h  a n g l e .  

HUNT3 may a l s o  be used t o  a c h i e v e  a s p e c i f i e d  o r b i t  
i n c l i n a t i o n  when yaw s t e e r i n g  o f  t h e  l a u n c h  v e h i c l e  i s  n o t  
done .  I n  t h i s  c a s e ,  t h e  launch  az imuth  can  b e  used  as a t r a -  
j e c t o r y  s h a p i n g  p a r a m e t e r .  

B .  Rendezvous M i s s i o n  Launch S i m u l a t i o n  

The s p a c e c r a f t  l aunched  second  i n  a r endezvous  m i s s i o n  
must be a c c u r a t e l y  i n s e r t e d  i n t o  a s p e c i f i c  o r b i t  t o  i n s u r e  ade- 
q u a t e  p h a s i n g  c a p a b i l i t y  and a minimum p l a n e  change r e q u i r e m e n t .  
A t  o r b i t a l  i n s e r t i o n ,  t h e  s p a c e c r a f t  must n o t  on ly  have a s p e c i f i c  
a l t i t u d e ,  f l i g h t  p a t h  a n g l e ,  and o r b i t  i n c l i n a t i o n ,  b u t  t h e  p o s i -  
t i o n  o f  t h e  o r b i t a l  p l a n e  must b e  a c c u r a t e l y  c o n t r o l l e d .  T h i s  i s  
u s u a l l y  done i n  BCMASP by s p e c i f y i n g  t h e  l o n g i t u d e  o f  t h e  d e s c e n d i n g  
node of t h e  o r b i t ,  measured eas tward  from t h e  i n e r t i a l  l o n g i t u d e  
of t h e  l aunch  pad a t  l a u n c h .  

The sequence  o f  e v e n t s  f o r  the l aunch  i n t o  o r b i t  i s  t h e  
same as i n  t h e  p r e v i o u s  example w i t h  one e x c e p t i o n .  A t  t h e  end  
of  t h e  i n e r t i a l  a t t i t u d e  h o l d  p e r i o d  about  30 seconds  a f t e r  second 
s t a g e  i g n i t i o n ,  an inc remen t  i n  yaw a n g l e  i s  assumed i n  a d d i t i o n  
t o  t h e  inc remen t  i n  p i t c h  a n g l e .  These t o g e t h e r  w i t h  t h e  p i t c h  
and yaw r a t e s  g i v e  f o u r  t r a j e c t o r y  s h a p i n g  parameters f o r  HUNT4 
t o  u s e  i n  e n f o r c i n g  t h e  f o u r  t r a j e c t o r y  c o n s t r a i n t s  a t  o r b i t a l  
i n s e r t i o n .  It i s  sometimes d e s i r a b l e  t o  u s e  l aunch  az imuth  i n  
p l a c e  o f  t h e  i n c r e m e n t  i n  yaw a n g l e .  

C .  D e t e r m i n a t i o n  o f  Values  of  t h e  T r a j e c t o r y  Shap ing  
Parameter 

I n  t r a j e c t o r y  t a r g e t i n g  w i t h  BCMASP, t h e  HUNT s u b r o u t i n e s  
a re  u s e d  t o  d e t e r m i n e  v a l u e s  o f  t h e  t r a j e c t o r y  s h a p i n g  parameters 
t h a t  w i l l  p roduce  a l aunch  t r a j e c t o r y  s a t i s f y i n g  t h e  t r a j e c t o r y  
c o n s t r a i n t s .  The b a s i c  ma themat i ca l  approach  used  i n  HUNT3 and  
HUNT4 i s  g i v e n  i n  Refe rence  1. A b r i e f  summary i s  g i v e n  be low.  

I n  g e n e r a l  t h e  n-d imens iona l  HUNT problem i s  t o  f i n d  
t h e  v a l u e s  of n independen t  v a r i a b l e s  s o  t h a t  n dependent  
v a r i a b l e s  w i l l  have  s p e c i f i e d  v a l u e s  w i t h i n  s p e c i f i e d  t o l e r a n c e s .  
I n  a p p l y i n g  t h i s  t o  t h e  development of a t r a j e c t o r y ,  t h e  i n d e p e n d e n t  
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v a r i a b l e s  a re  t h e  t r a j e c t o r y  s h a p i n g  p a r a m e t e r s  and t h e  dependent  
v a r i a b l e s  are  t h e  t r a j e c t o r y  e l emen t s  upon which c o n s t r a i n t s  are  
imposed.  The m a t h e m a t i c a l  s t a t e m e n t  of  t h e  problem i s  

where t h e  x ' s  are  t h e  independen t  v a r i a b l e s  and t h e  y's a r e  
dependent  v a r i a b l e s .  The f u n c t i o n s  a r e  n o t  u s u a l l y  known i n  
a n a l y t i c  form and n u m e r i c a l  i n t e g r a t i o n  i s  r e q u i r e d  t o  e v a l u a t e  
t h e  y's. 

If t h e  y ' s  are s i n g l e - v a l u e d  f u n c t i o n s  o f  t h e  x ' s ,  
t h e n  t h e  problem can b e  r e s t a t e d  as 

and t h e  t o t a l  d i f f e r e n t i a l  f o r  xk can be  w r i t t e n  

If t h e  f u n c t i o n s  are  assumed l i n e a r ,  t h e n  

T h i s  i s  a r e l a t i o n s h i p  between small changes i n  a l l  o f  t h e  
dependent  v a r i a b l e s  w i t h  a s m a l l  change i n  one i n d e p e n d e n t  
v a r i a b l e .  
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I n  g e n e r a t i n g  a t r a j e c t o r y ,  a s e t  of  s h a p i n g  p a r a -  
meters ( x ' s )  i s  assumed and t h e  t r a j e c t o r y  i s  i n t e g r a t e d  o v e r  
t h e  r e g i o n  of i n t e r e s t .  The r e s u l t i n g  v a l u e s  for t h e  t r a j e c t o r y  
e l e m e n t s  ( y ' s )  a r e  t h e n  compared t o  t h e  t r a j e c t o r y  c o n s t r a i n t s .  
If t h e  e r r o r  i n  each  e lement  i s  less  t h a n  a s p e c i f i e d  t o l e r a n c e ,  
no  f u r t h e r  work i s  r e q u i r e d  b y  t h e  HUNT s u b r o u t i n e .  I f  t h e  
e r r o r  i s  u n a c c e p t a b l y  l a r g e  for one or more of t h e  e l e m e n t s ,  
a n o t h e r  s e t  o f  s h a p i n g  p a r a m e t e r s  i s  de te rmined  and t h e  t r a -  
j e c t o r y  i s  i n t e g r a t e d  a g a i n .  A new s e t  o f  s h a p i n g  parameters 
i s  o b t a i n e d  by i n c r e m e n t i n g  t h e  se t  p r e v i o u s l y  u s e d  w i t h  t h e  
i n c r e m e n t s  o b t a i n e d  from Equa t ion  (1). The i n c r e m e n t s  o f  t h e  
y v a r i a b l e s  of (1) are  t a k e n  t o  b e  t h e  e r r o r s  i n  t h e  t r a j e c t o r y  
e l e m e n t s .  T h i s  assumes t h a t  t h e  c o e f f i c i e n t s  or p a r t i a l  der iva-  
t i v e s  have p r e v i o u s l y  been de te rmined .  

I f  t h e  r e l a t i o n s h i p s  between t h e  dependent  and 
i n d e p e n d e n t  v a r i a b l e s  were p e r f e c t l y  l i n e a r ,  on ly  one c o r r e c -  
t i o n  t o  t h e  s h a p i n g  pa rame te r s  would be r e q u i r e d  t o  e n f o r c e  t h e  
t r a j e c t o r y  c o n s t r a i n t s .  However, due t o  i n h e r e n t  n o n - l i n e a r i t i e s ,  
s e v e r a l  i t e r a t i o n s  a r e  a lmos t  a lways r e q u i r e d  b e f o r e  a l l  of  t h e  
t r a j e c t o r y  e l e m e n t s  a c h i e v e  t h e i r  r e q u i r e d  v a l u e s .  The non- 
l i n e a r i t i e s  a l s o  n e c e s s i t a t e  u p d a t i n g  t h e  p a r t i a l  d e r i v a t i v e s  
of  E q u a t i o n  (1) a f t e r  each  i t e r a t i o n .  

The d e r i v a t i o n  o f  t h e  e x p r e s s i o n s  f o r  t h e  p a r t i a l  
d e r i v a t i v e s  i s  i n  Refe rence  1 and on ly  a summary w i l l  b e  g i v e n  
he re .  For an n-d imens iona l  HUNT problem,  n t l  t r a j e c t o r y  i n t e -  
g r a t i o n s  are  r e q u i r e d ,  each  w i t h  a d i f f e r e n t  s e t  o f  s h a p i n g  
parameter v a l u e s .  T h i s  g i v e s  n s e t s  of Ax and by f o r  e a c h  x 
and y .  The p a r t i a l  d e r i v a t i v e s  a re  computed from t h e  f o l l o w i n g  
e x p r e s s i o n :  

where 

[ A ]  i s  t h e  m a t r i x  of p a r t i a l  d e r i v a t i v e s ,  
[Ax] i s  t h e  m a t r i x  of  independent  v a r i a b l e  i n c r e m e n t s ,  
[Ay] i s  t h e  m a t r i x  of dependent  v a r i a b l e  i n c r e m e n t s .  

- axi - -  
a i j  ay j  

= x ( k t l s t  i n t e g r a t i o n ) - x l ( k t h  i n t e g r a t i o n )  
"kl  1 

= y ( k t l s t  i n t e g r a t i o n ) - y l ( k t h  i n t e g r a t i o n ) .  
*'kl 1 
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The l a t e s t  n + l  t r a j e c t o r y  i n t e g r a t i o n s  are  always u s e d  i n  
computing t h e  p a r t i a l  d e r i v a t i v e s .  

I n  a p p l y i n g  HTJNT3 and HUNT4, a d d i t i o n a l  problems 
were e n c o u n t e r e d  b e c a u s e  o f  t h e  n o n - l i n e a r i t i e s .  I n  s e l e c t i n g  
t h e  i n i t i a l  estimates f o r  t h e  s h a p i n g  p a r a m e t e r s ,  i t  i s  o f t e n  
v e r y  d i f f i c u l t  t o  choose a s e t  o f  a c c u r a t e  v a l u e s .  T h e r e f o r e ,  
t h e  HUNT s u b r o u t i n e s  must be  a b l e  t o  overcome l a r g e  i n i t i a l  
e r r o r s .  However, t h e  e v e n t u a l  convergence  o f  t h e  s h a p i n g  
p a r a m e t e r s  t o  a s e t  o f  v a l u e s  t h a t  w i l l  r e s u l t  i n  t h e  r e q u i r e d  
o r b i t  i s  dependent  upon t h e  i n i t i a l  s e t  o f  v a l u e s  a s s i g n e d  t o  
t h e  s h a p i n g  parameters. If t h e  i n i t i a l  e s t i m a t e s  a re  t o o  much 
i n  e r r o r ,  t h e  s h a p i n g  pa rame te r s  w i l l  n o t  converge t o  r e a s o n a b l e  
v a l u e s  b u t  i n s t e a d  w i l l  d i v e r g e  t o  m e a n i n g l e s s  v a l u e s  g i v i n g  
n o  u s e f u l  r e s u l t .  T h i s  problem has been overcome w i t h  HUNT4 b y  
i n i t i a l l y  c o n v e r t i n g  t h e  f o u r - d i m e n s i o n a l  problem i n t o  two two- 
dimensional problems.  The two-dimensional  HUNT problem i s  much 
l e s s  s e n s i t i v e  t o  t h e  accuracy  o f  t h e  i n i t i a l  e s t i m a t e s  i n  t h e  
s h a p i n g  parameters. By s o l v i n g  for approximate  v a l u e s  of  t h e  
s h a p i n g  p a r a m e t e r s  two a t  a t i m e ,  a much b e t t e r  i n i t i a l  es t imate  
f o r  t h e  HUNT4 l o g i c  i s  o b t a i n e d  and convergence  o f  t h e  f o u r -  
d i m e n s i o n a l  problem i s  e a s i l y  a c h i e v e d .  

I n  s o l v i n g  t h e  two two-dimensional  p rob lems ,  t h e  p i t c h  
p a r a m e t e r s  a re  grouped  t o g e t h e r  and t h e  yaw p a r a m e t e r s  a re  
grouped  t o g e t h e r .  Fo r  t r a j e c t o r i e s  where t h e  errors i n  t h e  t r a -  
j e c t o r y  e l e m e n t s  are  r e l a t i v e l y  small ,  t h e  p i t c h  p a r a m e t e r s  a re  
w e a k l y  coup led  t o  t h e  y a w  p a r a m e t e r s  and t h e  s o l u t i o n s  t o  t h e s e  
two two-dimens iona l  problems may b e  found s i m u l t a n e o u s l y .  How- 
e v e r ,  f o r  t r a j e c t o r i e s  where t h e  e r r o r s  a re  ve ry  l a r g e ,  t h e  
c o u p l i n g  i s  much s t r o n g e r  and one of  t h e  two-dimensional  problems 
must  be  s o l v e d  b e f o r e  t h e  o t h e r .  To d e t e r m i n e  i f  t h e  more 
e f f i c i e n t  method o f  s i m u l t a n e o u s  s o l u t i o n s  i s  f e a s i b l e ,  t h e  
i n i t i a l  e r r o r s  a re  t e s t e d  when S u b r o u t i n e  HUNT4 i s  e n t e r e d .  For 
example ,  if t h e  i n i t i a l  e r r o r s  a t  o r b i t a l  i n s e r t i o n  i n  r a d i u s ,  
f l i g h t  p a t h  a n g l e ,  o r b i t  i n c l i n a t i o n ,  and l o n g i t u d e  o f  t h e  
d e s c e n d i n g  node a r e  l e s s  t h a n  1 , 0 0 0 , 0 0 0  f e e t ,  s i x  degrees ,  f i v e  
d e g r e e s ,  and e l e v e n  d e g r e e s  r e s p e c t i v e l y ,  s i m u l t a n e o u s  s o l u t i o n s  
of t h e  two two-dimensional  p rob lems  a r e  o b t a i n e d .  These numbers 
are based  on t h e  r e s u l t s  o f  s e v e r a l  s i m u l a t i o n s  b u t  awe s u b j e c t  
t o  m o d i f i c a t i o n  as more e x p e r i e n c e  i s  g a i n e d .  T h i s  scheme used  
i n  HUNT4 can  be summarized as f o l l o w s :  
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HUNT 4 
I 

I s  t h e  i n i t i a l  e r r o r  i n  
r a d i u s ,  f l i g h t  p a t h  a n g l e ,  
o r b i t  i n c l i n a t i o n  or l o n q i -  
t u d e  of  t h e  descend ing  node 
v e r y  l a r g e ?  

S i m u l t a n e o u s l y ,  
e n f o r c e  r a d i u s  and f l i g h t  

p a t h  a n g l e  c o n s t r a i n t s  b y  
v a r y i n g  p i t c h  p a r a m e t e r s  ; 

e n f o r c e  i n c l i n a t i o n  and node 
l o n g i t u d e  c o n s t r a i n t s  by 
v a r y i n g  yaw p a r a m e t e r s .  

I 

E n f o r c e  i n c l i n a t i o n  and 
node l o n g i t u d e  c o n s t r a i n t s  
by  v a r y i n g  yaw p a r a m e t e r s .  

I 
E n f o r c e  r a d i u s  'and f l i g h t  

p a t h  a n g l e  c o n s t r a i n t s  
by  v a r y i n g  p i t c h  para- 
met e r s  . 

I E n f o r c e  all f o u r  c o n s t r a i n t s  
by v a r y i n g  all four p a r a m e t e r s .  

A s imi la r  scheme was implemented i n  H U N T 3 .  If t h e  
i n i t i a l  e r r o r s  i n  r a d i u s ,  f l i g h t  p a t h  a n g l e ,  and o r b i t  i n c l i n a t i o n  
a r e  l e s s  t h a n  1 , 0 0 0 , 0 0 0  f e e t ,  f i v e  degrees ,  and f i v e  d e g r e e s  
r e s p e c t i v e l y ,  s o l u t i o n s  f o r  a two-dimensional  problem and a one- 
d i m e n s i o n a l  problem a r e  found s i m u l t a n e o u s l y .  The two-dimensional  
problem i s  t h e  enforcement  of t h e  r a d i u s  and f l i g h t  p a t h  a n g l e  
c o n s t r a i n t s  by v a r y i n g  t h e  t w o  p i t c h  p a r a m e t e r s  and t h e  one- 
d i m e n s i o n a l  problem i s  t h e  enforcement  of  t h e  i n c l i n a t i o n  con- 
s t r a i n t  by v a r y i n g  t h e  yaw r a t e .  Af te r  t hese  s o l u t i o n s  a r e  
found ,  an  improved s e t  o f  p a r a m e t e r  v a l u e s  i s  a v a i l a b l e  f o r  t h e  
HUNT3 l o g i c  t o  u s e  i n  s o l v i n g  t h e  t h r e e - d i m e n s i o n a l  problem. If 
any of t h e  i n i t i a l  e r r o r s  a r e  e x c e s s i v e ,  t h e  one-d imens iona l  p ro -  
b l e m  must b e  s o l v e d  f i r s t .  Exper i ence  h a s  shown t h a t  i n  t h i s  
c a s e ,  t h e  s o l u t i o n  o f  t h e  two-dimensional  problem i s  u n n e c e s s a r y  
b e f o r e  p r o c e d i n g  t o  t h e  t h r e e - d i m e n s i o n a l  problem. The scheme 
for HUNT3 i s  as f o l l o w s :  
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HUNT 3 
I 

Is t h e  i n i t i a l  e r r o r  i n  
r a d i u s ,  f l i g h t  p a t h  a n g l e  
or o r b i t  i n c l i n a t i o n  v e r y  
l a r g e ?  

S i m u l t a n e o u s l y ,  
e n f o r c e  r a d i u s  and f l i g h t  p a t h  

a n g l e  c o n s t r a i n t s  b y  v a r y i n g  

I 

E n f o r c e  i n c l i n a t i o n  
c o n s t r a i n t  by 
v a r y i n g  yaw r a t e .  

L i s t i n g s  of H U N T 3  and H U N T 4  a re  g i v e n  i n  Appendices 
I and 11. 

111. SUMMARY 

For Apol lo  A p p l i c a t i o n s  Program m i s s i o n  a n a l y s i s ,  t h e  

Two new s u b r o u t i n e s ,  H U N T 3  and 
s i m u l a t i o n  of l aunch  t r a j e c t o r i e s  h a s  n e c e s s i t a t e d  e x t e n d i n g  t h e  
t a r g e t i n g  c a p a b i l i t y  o f  BCMASP. 
H U N T 4 ,  have been  deve loped  t o  a l l o w  t h e  enforcement  of  c o n s t r a i n t s  
a t  l a u n c h  v e h i c l e  c u t o f f  on o r b i t  i n c l i n a t i o n ,  and o r b i t  i n c l i n a t i o n  
and l o n g i t u d e  o f  t h e  descend ing  node r e s p e c t i v e l y ,  i n  a d d i t i o n  t o  
t h e  c o n s t r a i n t s  on r a d i u s  and f l i g h t  p a t h  a n g l e .  Some o f  t h e  b a s i c  
e l e m e n t s  o f  t h e s e  new s u b r o u t i n e s  are s imi la r  t o  t h e  s i m p l e r  sub-  
r o u t i n e s ,  H U N T 1  and H U N T 2 ,  which have been used  i n  BCMASP. 
Convergence problems r e s u l t i n g  from n o n - l i n e a r i t i e s  r e q u i r e d  t h e  
i n c l u s i o n  of a d d i t i o n a l  l o g i c  t o  d e t e r m i n e  p a r t i a l  s o l u t i o n s  
t h e  t a r g e t i n g  problem b e f o r e  a comple te  s o l u t i o n  c o u l d  be found .  

of 

W h i l e  H U N T 3  and H U N T 4  have been deve loped  f o r  t a r g e t i n g  
S a t u r n  IB l a u n c h  t r a j e c t o r i e s ,  t h e y  c o u l d  b e  r e a d i l y  adapted t o  a 
v a r i e t y  of t h r e e  or fou r -d imens iona l  t a r g e t i n g  p rograms ,  and t o  
m i s s i o n s  u s i n g  o t h e r  l aunch  v e h i c l e s .  
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APPENDIX I 

DIMENSTON S F N S ( 1 7 )  

StIRROtITTNF HUNT? F I N D S  V A L U F S  OF X AND Y AND Z SUCH THAT U AND V 
AhlR W ARF FQUAL T n  IJD PND VD AND WD W I T H I N  A TOLFRANCF OF 01? AND 
OV AND OW, WHFRF V ,  AND W A R F  DEPFNDFNT VARTARLES P F F I N F D  
AT EVFNT 1 2  ANI7 X ,  Y ,  AND 7 ARF CONTROL V P R I A B L € S  FOR THF F L T C H T  
F R O M  FVFNT 1 1  T C  FVCNT 1 7 .  TF THF SOCUTTnN DTVFRGF5,  H t I N T 3  hrT[L 
qTOP RIJN AFTFR 7 n  TTFRATTON5. 

DATA ZFRO/n.n/ 

S F N S ( 1 )  - F L A G  TO T N D I C A T E  S E N S I T T V I T Y  IS A V A I L A B L E  
S F N S ( 2 )  - A l l  1 - S E N S I T I V T T Y  M A T R I X  OR I N I T T A L  S T F P  DFSTRFO 
S F N S ( 3 )  - A 2 1  ) 
c F N S ( 4 )  - A 3 1  
S F W S ( 5 )  - A12 
q F M q ( 6 )  - A77 
' i F F f S ( 7 )  - A?7 ) 
' i F M S ( R )  - A I ?  
S F h l S ( 9 )  - A 7 3  
? F N S ( l n )  - A 3 3  1 

I N 1 T 1 AL T 7 F 
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1 5  

16 

17 

c 
c 
f P  

c 
c 

I @  

r 
c 
r 

c 
c 

2 0  

c 
7 1  

c 
? ?  

24 

c 
c 

3 9  

S O L V F  ( Z ' W )  PROBLFM BEFORE SOLVING ( X , Y I Z ' I J , V I W )  PROBLEM 

TF(DW'I . F O . ~ .  )GO T O  9 
5 F W S ( 1 6 = OZ 1 /OW 1 
S F N S ( 1 7 ) =loO 
DX1=0. 
D Y l = O ,  
D 7 2 = 0 7 1  
D7 1 = SF hl 
GO TO P 

( 1 6 ) +Ftd 

K = I. 
MN= 1 
L=2  
GO T O  5n 
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c 

c 
c 
c 
c 
r 
r 
c 
c 
c 
C 

4R 

5 0  

c 
5 2  

r 
5 3  

c 
5 5  

c 
56 

- 3 -  

M M =  1 

FOR K FOIJALS 1 THROlIGH 4, SFT IJP TNTTTAL F S T I M A T F 5  OF 
FCFMFMTS OF SFNC. ITTVTTY MATRTX 

S O L V F  (X,Y ' l I ,V)  PND ( 7 ' W )  PRORLFMS S I M I J L T A N E O ~ ~ S L Y  PEFORE 
S O L V I N G  PROBLFM ( X 9 Y  9 7  ' ! I  ,V 9 W 1 

nx3=nx1 
D X l = O .  
DX2=0 .  
D Y l = - . r ) l * Y  
c,n TO 8 

DY?=DY 1 
DY3=0.  
nYl=n. 
D7 I=-* n1*7 
GO T O  R 

DFLVWA=DV2*DW?-DV3*DW? 
D EL VW R = n V  1 * DW 3 -DV 3 * D W 1 
DFLVWC=DVl+DW2-DV2*DWl 
D F L U W A = DU 2 * DW 3-DW 2 *DU 3 
DFLIJWR=OIJI *DW?-DWl+D[J? 
DFLUWC=DUI*DW2-DWl*DU2 
DFLlJVA=D1J2*DV?-DV2*DU? 
r)FL!JVR=nlJl  *PV?-DV1 *DIJ3 
nFLOVC=ntJ  1 *DV7-DVI  *DL17 
DFMCIM=D\II *DFLVWP-DVl *DFLIIWA+DWI *DFLt IVA 

S F ~ ' ~ ( Z ) = ( D X l + n F L V W A - D ~ 2 * D E L V W ~ + ~ X 3 * D F L V ~ ~ ~ ) / P F N O M  
SFNS ( 5 ) = ( -DXl*DELt lwA+DX2*DELl I~tR-PX1+DELrJ\ r~C)  /DFNOM 
SFNS(8 )= (DX1*DELI IVA-DX2*DELUVB+DX3*DFLUVC) /DFNOM 
SFNS(3)=(DY1*DELVWA-DY2+DELVWR+DY?+DFLVW~+DY3*~FLVWc)/DFNOM 
SFNS ( 6 )  = ( - D Y  l*DELtJWA+DY2*DELtJWB-DY3*DELUWC) /DENOM 
S F N S (  9 )  = (  D Y I * D E L I J V ~ - D Y ~ * D F L I J V B + D Y ~ * D F L ~ J V C )  /DFNOM 
SFNS(4)=(D71*0FLVWA-DZ2*DELVWB+DZ3*DELVWC)/D€NOM 
S F N S (  ~ ) = ( - D z ~ * D E L I J w ~ + D Z ~ * D E L U W B - ~ Z ~ * D E L ~ J W C )  /DENOM 
S F N S (  10 ) = (  D 7 I * D F I _ I J V A - ~ 7 2 * n F L I J V ~ + D 7 ~ * D F L U V C )  /DFhlOM 
SFNS(  1 ) = l o  

D Y ? = D X 7  

IF (DFNOMoFO.Oo)GO TO c) 

CnYPIJTF NFW X ,Y 9 7  
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c 

61 

c 

c 
6 2  
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c 
DIMFNSTON S E N S ( 2 7 )  

C 
C 
C 
C 
C 
C 
C 
C 
c 
c 

c 
c 
c 
c 
C 
c 
c 
C 
c 
c 
c 
c 
C 
C 
c 
C 
C 
C 
c 
C 

SUBROUTINF HUNT4 F I N D S  VALUES OF X , Y , Z ,  AND R SUCH 
T H A T  U,V,W, AND Q ARE EQUAL TO UD,VD,WD AND QD 
W I T H I N  A TOLERANCE OF QU,QV,QW AND QQ, WHERE U,V,W 
AND Q ARE DEPENDENT V A R I A B L E S  D E F I N E D  A T  EVENT I2 
AND X , Y , Z  AND R ARE CONTROL V A R I A B L E S  FOR THE F L I G H T  
FROM I 1  TO I20 I F  THE S O L U T I O N  D I V E R G F S ,  HCJNT4 
WILL STOP RUN AFTER 20 I T E R A T I O N S .  

DATA 7 F R 0 / 0 o 0 /  
S F N S (  1 ) -  
SENS(  2 ) -  
SENS(  3 ) -  
SENS( 4 ) -  
SENS(  5)- 
SENS( 6 ) -  
S F N S (  7 ) -  
SFNS(  8 ) -  
SENS( 9)- 
S F N S ( 1 0 ) -  
S F N S I  11 1 - 
S E N S ( 1 2 ) -  
S E N S ( 1 3 ) -  
SENS( 1 4 ) -  
S E N S ( 1 5 ) -  
S E N S ( 1 6 ) -  
S E N S ( 1 7 ) -  

I N I T I A L I Z F  

F L A G  TO I N D I C A T E  S E N S I T I V T T Y  A V A I L A R L F  
A l l  
A 2 1  
A 3 1  
A 4  1 
A 1 2  
A 2 2  
A 3 2  
A 4 2  
A 1 3  
A23 
A 3 3  
A 4 3  
A 1 4  
A 2 4  
A 3 4  
A 4 4  

K = l  
L=O 
M=O 
N=O 
MN=O 
FlJMA X = 1 nOOn 00. 
EVMAX= 6 0 0  
EWMAX= 5.0 

EQMAX= 1100 
T F ( S E N S ( 1 ) o N E o O o O ) C O  TO 2 
DO 1 1 ~ 2 9 1 7  

1 S E N S ( T ) = O .  
2 I F ( S E N S ( 2 2 ) , N ~ . n O O ) ~ O  TO 4 

3 S E N S ( T ) = O .  
no 3 1 ~ 1 8 9 2 1  

4 I F ( S E N S ( 2 7 ) o N E o O o 0 ) ~ 0  TO 10 
DO 5 7 = 2 3 9 2 6  

5 s E N S (  I ) = A , C I  

in C A L L  F L T I N f ( I 1 , I Z )  
C I N T E C P A T F  TO EVENT I2 AND € V A L U A T E  ERRORS 



APPENDIX I1 (Con td . )  - 2 -  

1 5  

18  

c 
c 

1 9  



2 0  

2 1  

c 
2 2  

c 
2 3  

74 

c 
3 9  

3 1  

c 
3 2  

c 
1 7  

D Z 2 = D 7 1  
071=n.n 
D R l = - . n l * R  
GO T O  R 

D X 2 = D ) c l  
D X 1 = 0 .  
DY 1 =- 01 * Y  
GO TO e 



' APPENDIX I1 (Contd.  1 

-44 D71=fl. f l  
n R i = r ) . n  
P X Z = D X 1  
P Y ? = D Y l  
DXl=SFNS(I 8 ) * F U + S F N S ( 2 n l * E V  
DY 1 =SFNS ( 1 Q 1 *FII+SFNS 2 1  1 * F V  
GO TO 8 

c 
c 
c 
c 
c 
c 
c 
4P 

49 

c 
c 

5n 

5 1  

c 
5 2  

c 
5 1  

c 
c 
54 

- 4 -  

S O L V F  ( X , Y ' U , V )  AND ( 7 , R ' W , O )  PROBLEMS S I M U L T A N E O U S L Y  
R F L O R F  SOLVING ( X , Y T ~ , R ' ~ J , V , W , Q )  P R Q R L F M  

D X 4 = D X I  
D X l = O .  

D X 7 = 0 .  
D Y  1 = - . f i l  * Y  
r,n T n  Q 

D X Z = ~ .  
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c 
5 5  DFL 1 lVC=DlJ3 +DV4-D114*DVI) 

DEL IJVA =d1j2 *OV3-DV2*D113 
DFLIJVR=nlJ7*DV4-Dt 14*DVZ 
D F L O V A = D V 2 * 0 0 ? - 0 0 2 * D V 3  
n F I f l V P = D V 2 * n 0 4 - n 0 7 * D V 4  
P F L O V C = D V 3 * P O 4 - O O ~ * ~ V 4  
nF L v w P = DV 7 *nw 3 - n \I 7 * nv  2 
DF L VW P = D V ?  *Dw4- D W 2 *DV4 
DELVWC=DV3*DW4-DW3*DV4 
DFLOWA=DW2+DO?-D02*DW3 
DFLQWB=DW2+DQ4-@Q2*DW4 
DELOWC=DW3*DQ4-D07*DW4 
DELQUA=DU2*DQ3-D02*DU3 
DF L 01JR =DO2 *004-DC37 *Dl  I4 

D F I_ 1 I W A = D! 1 ? *Oh! 3 - D Id 7 * n 1 1 3 
PFLRI rc=m I ~ + ~ o ~ - ~ o ~ + D I I ~  

nFLl  jb fR=D l  l ? * D I d L - n h ~ 7 * n l J 4  
DFLo \JA=nQ?*n l  I?-nf77*DlI? 
D F I  OiJp=nr t 7 * n ~ 4 - n 0 7 * n r r 4  
nF L u w c =nu  3 * n w 4- 0 \&I 7 * 0 u 4 
ADJll=DVZ*DFLOWC-DW2*DFLQVC+O02*DFLVWC 
A D J l 2 = D V l + D F L Q W C - D W l * D F L Q V C + D E L V W C  
A D J 1 3 = D V l * P F L O W P - D W I * @ F L Q V @ + @ Q l * D E L V W ~  
A D J 1 4 = D V l + D E L Q W A - @ W l * D F L Q V A + D E L V W A  
AD J ?  1 = D U 2 * D E L O W C - P W 2 * D E L Q l l ~ + ~ ~ 2 * D E L ~ J W C  
A D J 2 2 = DU 1 * n F  L OW C -DW 1 *I, F L Ol lC+D0 1 *DEL lJWC 
AD J ?  ?=P1J 1 * P F L Q V ~ - ~ W  1 *DFLOVR+DOl*DFI OWR 
A D J 7 4 = PO 7 * P F  1 OW A -PW 1 *DF LOU A +DO 1 * D F L  I J W  A 
APJ3 1 = n U 2 * 0 F L O V C - D V 2 * D F L Q ~ J ~ + ~ ~ ~ * ~ F L U V C  

AD J 3  3 1  =PtJ *nF l -QVP-nVl  *DFLOIIR+DCIl*DFL\ IVR 
A D J 3 4 = D U l + D F L O V A - D V l * D € L ~ ~ J A + D Q l * D E L U V A  
ADJ41=DU2*DFLVWC-DV2*DFLUWC+DW2*DELI.JVC 
ADJ42=DUl*@ELVWC-DVl*DELUWC+@Wl*DELUVC 
ADJ4 3=DU l * D F L V W R - D V l  *DFLUWR+DWl+DFLIJVR 
ADJ44=DUI+DELVWA-DVI*DFL~JWA+DWI*DELUVA 
D F N O M = D U l * A D J 1 1 - P V l * A D J 2 l + I 3 W l * A ~ J 3 1 - l 7 ~ 1 * A D J 4 1  
T F ( P F N O M o F Q o n o ) G O T 0 9  
~ F N ~ ( 7 ) = ( D X 1 * A ~ J 1 1 - D ~ 7 * A D J I ? + P X 3 * A ~ J l ~ - P X 4 * A D J ~ 4 ) / D F ~ O M  
S F N S ( ~ ) = ( D Y l * A D J l 1 - D Y 2 * A D ~ ~ 7 + D Y 3 * A P J l ~ - ~ Y 4 * A P J l 4 ) / D F N ~ M  
~ F N S ( 4 ) = ( 0 7 1 * A D J l I - D 7 ? * A ~ J l 7 + ~ Z 3 * A n J l 3 - O 7 4 * A D J l 4 ) / ~ F N ~ M  
~ F N ~ ( S ) = ( D R l * A n J I l - D R 7 * A D J 1 7 + D R 3 * A D J 1 ~ - ~ R 4 * A ~ J 1 4 ) / ~ F N ~ M  
S F N ~ ( h ) = ( - ~ X 1 9 A D J 2 l + n X 2 * A O J 2 ? - ~ X 3 * A P J 7 ~ + ~ X 4 * A ~ J 7 4 ) / ~ ~ N O M  
S F N S ( 7 ) = ( - D Y 1 * A D J 7 1 + P Y 7 * A ~ J 2 2 - D Y 3 * A D J ? ~ + P Y 4 * A D J ~ 4 ) / ~ F N O M  
S E N S ( 8 ) = ( - D 7 1 * A D J 2 1 + D Z 2 * A D J 2 2 - D 2 3 * A D J 2 3 + D Z 4 * A D J 2 4 ) / D E N O ~  
S E N S ( 9 ) = ( - D R 1 * A D J 2 1 + D R 2 + A D J ? 7 - D R 3 + A D J 2 3 + D R 4 * A D J ~ 4 ) / ~ € N O M  
S E N S ( l n ) = ( D X l * A D J 3 1 - D X 2 * A D J ~ 2 + D X 3 * A D J 3 3 - D X 4 * A D J 3 4 ) / ~ E N ~ M  
S F N S ( 1 1 ) = ( D Y l * A D J 3 1 - D Y 2 * A D J 3 3 - D Y 4 ~ A D J 3 4 ) / ~ F N O M  
S E N S ( 1 2 ) = ( D 7 l * A D J 3 1 - D Z 2 * A D J ~ 2 + D Z 3 * A D J 3 ~ - ~ Z 4 * A P J ~ 4 ) / ~ E N O ~  
S F N S ( 1 3 ) = ( D R l + A D J 3 ? - D R 7 * A D J ~ 2 + D R ? * A D J ~ 3 - D R 4 * A D J 3 4 ) / ~ E N ~ M  
S E N S ( 1 4 ) = ( - D X 1 * A D J 4 1 + D X 2 * A O J 4 2 - D X 3 * A D J 4 ~ + D X 4 * A D . ~ 4 4 ) / D E N O M  
~ F N S ( 1 5 ) = ( - D Y l w Q D J 4 1 + D Y ? * A ~ J 4 7 - D Y ~ * A D J 4 ~ + D Y 4 * A ~ J 4 4 ) / D F N O M  
~ F N ~ ( 1 ~ ) = ( - ~ 7 1 * A D J 4 l + P 7 ? * A ~ J 4 1 + ~ 7 4 * A ~ . ~ 4 4 ~ / ~ F N ~ ~  
S F M S ( 1 7 ) = f - P R l + A D J 4 1 + ~ R 7 * A ~ J 4 7 - D R 3 * A D J 4 3 + ~ R 4 * A D J 4 4 ) / D € N @ M  

A D  J 3 ? = DIJ 1 *PEL oVC-DV 1 +PFLQUC+DO 1 *DEL UVC 
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